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Abstract: We demonstrate the design and fabrication of square 
Ge11.5As24Se64.5 (Ge11) nonlinear nanowires fully embedded in a silica 
cladding for polarization independent (P-I) nonlinear processing. We 
observed similar performance for FWM using both TE and TM modes 
confirming that a near P-I operation was obtained. In addition we find that 
the supercontinuum spectrum that can be generated in the nanowires using 
1ps pulse pulses with around 30W peak power was independent of 
polarization. 
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1. Introduction 
Recently, nonlinear waveguides fabricated from chalcogenide glasses have been shown to be 
excellent materials for all-optical processing due to their attractive optical properties which 
include good light confinement as a result of their high refractive index; high nonlinear 
refractive index, n2 [1–3]; and negligible two photon (TPA) and free carrier absorption (FCA) 
at telecommunications frequencies [2, 4]. Many all-optical processes have now been 
demonstrated using dispersion-engineered As2S3 chalcogenide rib waveguides including 
parametric amplification [5]; wavelength conversion [6, 7]; Tb/s demultiplexing [8, 9]; and 
dispersion compensation by mid-span spectral inversion [10]. Most of these functions 
involved four wave mixing (FWM) which becomes efficient when phase matching is 
achieved according to the condition: −4γP<β2∆ω2 <0, where γ = 2πn2/λAeff is the nonlinear 
parameter of the waveguide; P is the peak pump power; β2 is the second order dispersion; and 
∆ω is the difference between pump and signal frequencies. According to this phase matching 
relation, the waveguides need to have small and anomalous dispersion (β2≤0) to achieve 
exponential gain from FWM [11]. However, in a typical dispersion-engineered As2S3 rib 
waveguide only one polarization state, the transverse magnetic mode (TM), exhibits 
anomalous dispersion whilst the transverse electric mode (TE) has a large normal dispersion 
that does not support FWM except over a vanishingly small bandwidth. Since light from a 
fiber is normally polarized randomly, the polarization-dependent dispersion of an As2S3 rib 
waveguide means that both pump and signal waves must be adjusted to have the same 
polarization state and this requires many additional components to convert the light into the 
TM mode. This is undesirable for integrated optical circuits and impractical for commercial 
applications in fiber communication networks. As a result, structures that would allow FWM 
of randomly polarized signal beams in polarization-insensitive waveguides are of significant 
interest. 
There have been several reports aimed at achieving polarization-independent (P-I) 
devices, e.g. P-I racetrack resonators [12]; P-I grating couplers [13]; P-I wavelength 
convertors [14, 15]; and P-I waveguides [16, 17]. However, most of these studies focused on 
devices made from the silicon-on-insulator (SOI) platform where, in general, the silicon film 
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thickness is not a free parameter. By comparison, there have been no studies of P-I 
chalcogenide glass waveguides. Furthermore, in previous work, the P-I waveguides were 
designed to operate at a fixed wavelength and the geometry of an asymmetric waveguide – its 
width, thickness and etch depth – was varied to find a crossing point where the effective 
index, neff, of the TM and TE modes were the same so that zero birefringence could be 
obtained [16, 17]. However, this kind of structure maintains zero birefringence only over a 
very narrow bandwidth because neff will change with frequency due to material and 
waveguide dispersion. Furthermore, zero birefringence indicates little about the relative 
values of β2 for the TE and TM modes, which due to the structural asymmetry, will almost 
certainly be different. Since β2 affects the bandwidth and shape of FWM gain spectrum, this 
can result in a very different FWM behavior between the TM and TE modes [18]. Therefore, 
waveguides with P-I dispersion are required for all-optical processing. 
Two conditions are required to achieve a waveguide with P-I dispersion suitable for 
FWM. Firstly, the structure should be symmetric since this is the most straightforward way to 
both eliminate birefringence and to achieve the same dispersion in both the TM and TE 
modes. This requires a waveguide with square cross-section embedded in a uniform cladding. 
Secondly, because most chalcogenide glasses exhibit very high normal material dispersion at 
telecommunications wavelengths, large anomalous waveguide dispersion is required to 
compensate the material dispersion and achieve a net dispersion that is small and anomalous. 
However, square waveguides with dimensions of a few microns do not create enough 
anomalous waveguide dispersion because the fundamental modes are too tightly confined 
within the core. In order to increase the anomalous waveguide dispersion, sub-micron 
nanowires are, therefore, required. It is also beneficial if the waveguide is very short since this 
minimizes the effects of any residual polarization-dependent loss, residual birefringence or 
any difference in the dispersion caused by fabrication errors. Since any nonlinear process 
requires some minimum nonlinear phase change to achieve adequate efficiency, a high 
nonlinear parameter γ is then essential and this can be achieved using a nanowire. 
In our previous work we have shown that Ge11.5As24Se64.5 (Ge11) chalcogenide glass which 
has nonlinear index three times more than that of As2S3 [3] can be used to make nanowires 
with a high nonlinear parameter γ of up to 136W−1m−1 [19] which is more than ten times of 
that of As2S3 rib waveguides [5–10]. Compared with 6cm long As2S3 waveguides widely used 
in our previous work a Ge11 nanowire only has to be ≈0.5cm long to obtain the same 
nonlinear response. Assuming a difference of 10ps/km/nm in the group velocity dispersion 
(GVD) between the TM and TE modes arises from fabrication errors, only 0.5 × 10−5ps/nm 
dispersion difference will be induced and this implies that polarization-independence can be 
achieved over a very broad bandwidth. 
In this paper, we report, on the fabrication and properties of square Ge11 nonlinear 
nanowires fully embedded in a silica cladding. We measure their performance for FWM using 
both TE and TM modes to confirm that a near P-I operation was obtained. In addition we 
demonstrate that the supercontinuum spectrum that can be generated in the waveguides using 
1ps pulse pulses with around 30W peak power was independent of polarization. 
2. Design and fabrication of P-I nanowires 
In order to obtain a high nonlinear parameter γ in the nanowires, we need to minimize the 
effective area Aeff of the waveguide mode. The mode intensity distribution is shown in Figs. 
1(a) and 1(b) for TM and TE polarizations respectively. Figure 1(c) shows the effective area 
as a function of waveguide dimension for a square Ge11 nanowire fully embedded in a SiO2 
cladding at 1550nm with the eigenvalues and mode distribution calculated by the FDTD 
method [20, 21] with the effective area defined as in [22]. The effective area increases 
exponentially when the waveguide dimension drops below 0.4µm because the core-cladding 
index difference (≈1.2) cannot confine a smaller mode. In comparison, nanowires with 
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dimensions between 0.4µm and 0.6µm achieve the smallest effective area ranging from 
0.25µm2 to 0.28µm2 and this is, therefore, the range that we concentrated on. 
In this range, as would be expected, the same anomalous dispersion is obtained for both 
TM and TE modes at 1550nm and a GVD of 165ps/km/nm is predicted for a 580nm × 580nm 
nanowire as show in Fig. 1(d). Although a smaller near-zero dispersion is preferred in most 
all-optical devices because it gives a broad bandwidth for FWM and reduces distortion on the 
pulses during propagation, this is not a problem for Ge11 nanowires because only a short 
device is required to obtain sufficient nonlinear response. In fact, a 0.5cm long Ge11 nanowire 
with GVD of 165ps/km/nm will lead to only about the half dispersive phase shift compared 
with a 6cm As2S3 rib waveguide with GVD of 30ps/km/nm, and this implies a wider 
bandwidth can be achieved with less dispersive distortion of the pulses. Since the As2S3 ribs 
waveguide already demonstrated a FWM bandwidth in excess of 10THz, the higher 
dispersion is, therefore, of no concern. On the other hand, the high anomalous dispersion 
leads to a very short soliton fission length which is critical for supercontinuum (SC) 
generation and allows SC to be created in a very short device. The effective index neff and 
nonlinear parameter γ are shown in Fig. 1(e) and Fig. 1(f) respectively, which indicate the 
nonlinear parameter of ~130 W−1m−1 is achievable at 1550nm. 
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Fig. 1. Design of square Ge11 nanowires full embedded in SiO2. (a) Intensity distribution for 
TM mode. (b) Intensity distribution for TE mode. (c) The effective area Aeff as a function of 
the waveguide dimensions. (d) GVD for 580nm × 580nm Ge11 nanowires. (e) Effective index 
neff for 580nm × 580nm Ge11 nanowires. (f) Nonlinear parameter γ for 580nm × 580nm Ge11 
nanowires. Blue dots are the TM mode and the red line is for TE mode. 
The nanowires were fabricated using the following process. Firstly, a 580nm Ge11 film 
was deposited onto an oxidized silicon wafer by thermal evaporation. A 200nm thick layer 
ZEP was then spin-coated onto the Ge11 film as the e-beam resist. E-beam lithography (EBL) 
was used to transfer the nanowire pattern onto the ZEP using the fixed beam moving stage 
method (FBMS) in which the electron beam is scanned over a small area whilst the stage is 
moved simultaneously to draw the pattern. By using FBMS the stitching errors between 
different writing fields in EBL were eliminated which helps reduce the loss of the nanowires. 
Inductively coupled plasma dry etching (Plasmalab system 100) was applied to transfer the 
pattern into the Ge11 film and the residual resist was removed by oxygen plasma. At the end 
of the process, about 1.5µm of SiO2 was coated onto the nanowires as the top cladding using 
ion sputtering. “Snake” structures were also fabricated to integrate longer nanowires on the 
small chips as shown in Fig. 2(a) and to allow loss measurements by the “cut-back” method. 
The bend radius was 20µm for which modeling predicted the bending loss to be negligible. 
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Figure 2(b) shows SEM images of the profile of the resulting Ge11 nanowires. The square 
nanowires were well defined with near vertical side-walls. The nanowire width was measured 
to be 584nm and the height 575nm. Therefore, the fabrication error was controlled under 
± 5nm, which is less than one percent of the nanowire dimension. In order to analyze the 
mismatch of neff and GVD between the TM and TE modes due to the fabrication errors, we 
calculated the neff and GVD for 585nm × 575nm nanowires as shown in Fig. 2(c) and 2(d). 
The difference in neff and GVD is predicted to be 0.004 and 1.7ps/km/nm at 1550nm 
respectively. Assuming a 5mm long device these differences have a negligible effect on 
nonlinear processes such as FWM. The loss of nanowires was measured to be 1.65dB/cm and 
2.2dB/cm for TM and TE modes respectively by the cut-back method using three different 
waveguide lengths: 0.7cm, 1.2cm and 1.7cm (Fig. 2(e)). The coupling loss was 6dB at each 
facet. As a result, only 0.28 dB difference in the loss will be introduced over a 5mm long 
nanowire which is small enough not to affect the polarization of the propagating beams 
although lower PDL would be desirable in longer devices. 
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Fig. 2. (a) An optical micrograph shows the bends which are part of the “snakes” used to 
increase the length of the Ge11 nanowires for loss measurements. The radius is 20µm. (b) An 
SEM cross sectional image of the square Ge11 nanowires buried in SiO2 cladding. The width 
was measured to be 584nm and height 575nm. (c) The effective index of 585nm × 575nm 
nanowires. (d) The GVD of 585nm × 575nm nanowires. (e) The propagation loss measured by 
cut-back method. The green diamonds are for TM and red triangles for TE modes. 
An advantage of using SiO2 as a cladding is that there are no additional losses due to 
cladding absorption. In our previous work, As2S3 rib waveguide were generally clad with a 
UV cured polysiloxane inorganic polymer glass (IPG). However, it is found that the cured 
IPG has an absorption band from 1375nm to 1470nm with an dip of 2.5dB/cm and a very 
strong absorption band after 1620nm with the maximum absorption down to −32dB/cm at 
1675nm, as shown in Fig. 3(a). Therefore, in a dispersion engineered waveguide where a 
significant part of the field penetrates the cladding, additional losses are present due to C-H 
and O-H overtone absorptions. We measured the transmission spectrum of a 6.5cm long, 2µm 
× 0.85µm As2S3 rib waveguide with the IPG cladding using a super-continuum generated by 
passing 7ps pulses from a mode-locked Nd:YVO4 laser through a photonic crystal fiber. The 
results are shown in Fig. 3(b). The loss increased by 8dB at the strongest IPG absorption peak 
leading poor performance in the L-band. Since the SiO2 cladding does not show any 
significant absorption in the telecommunications bands these losses can be eliminated. Figure 
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3 (c) shows the transmission spectrum of the Ge11 P-I nanowires. The transmission spectrum 
is essentially flat from 1250nm to 1700nm with no extra losses observed. 
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Fig. 3. (a) Transmision spectrum of cured IPG. 3(b) transmission spectrum of IPG clad As2S3 
rib waveguide. (c) Transmission of SiO2 clad Ge11 P-I nanowires. 
3. Polarization independent FWM and Supercontinuum generation 
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Fig. 4. Experimental set up. The lower image shows how the polarization state was set to TM 
or TE modes by imaging the waveguide output though a Wollaston prism onto an InGaAs 
camera. 
Since P-I Ge11 nanowires have many applications in all-optical processing of 
telecommunication signals involving FWM, it is important to demonstrate P-I FWM in these 
nanowires. Because the device length is very short, it is difficult to measure GVD directly. 
However, the bandwidth of FWM is determined by the GVD through the phase matching 
condition, and hence we can evaluate differences in GVD by measuring the FWM spectrum. 
The experimental set up is shown is Fig. 4(a). Here 4ps pulses from a mode-locked fibre laser 
at a repetition rate of 10MHz acted as a pump at 1554.7nm. The pump was combined with a 
tunable CW probe signal using a 10/90 coupler. Two polarization controllers were added to 
set the polarization state to either the TM or TE mode. Lensed fibres producing a beam with a 
diameter of 2.5µm were used to couple light in and out of the nanowires. In order to monitor 
the polarization of the beam, a x10 objective lens was used to image the light at the output 
onto an InGaAs CCD camera through a Wollaston prism which separated the TM and TE 
polarizations vertically in the image plane as shown in Fig. 4 (b), 4(c) and 4(d). Figure 4(b) 
shows a mixed polarized state with equal power on both TM (bottom) and TE modes (top). 
Figures 4(c) and 4(b) show linear polarization in the TM and TE modes respectively. 
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Fig. 5. FWM results for TM and TE modes. A pulsed pump was launched into the waveguide 
along with a low power CW probe beam. The idler output on the long wavelength side was 
measured a function of probe wavelength. (a) TM mode. (b) TE mode 
In the experiment, the pump that was coupled into 7mm long nanowires had a peak power 
of 2.8W and was combined with a CW probe with a power of about 10µW. By tuning the 
wavelength of the probe beam, FWM was obtained for both TE and TM modes over a 
bandwidth of more than 180nm as shown in Fig. 5. The increase in the FWM signal around 
1602nm is due to a contribution from stimulated Raman scattering [18, 23]. As shown in [18, 
23] near the Raman peak, which in this material lies between 5 and 10THz below the pump 
frequency, the FWM conversion is modulated by the real part of the Raman response 
function. This causes a dispersion-like modulation of the conversion efficiency which first 
rises as the Raman peak is approached before dropping markedly and finally recovering to 
around 50%-70% of that for small frequency shifts before finally decreasing as the limits of 
phase matching are reached. The similar behavior observed for both TM and TE modes 
indicates that they have a very similar GVD confirming P-I dispersion. 
To be more specific, we calculated the FWM spectrum by solving the nonlinear 
Schrödinger equation shown below using the split-step Fourier method: 
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where A is the electric field amplitude, α = 1.67 dB/cm for TM and 2.33 dB/cm for TE is the 
linear loss of the waveguide. βm is the mth order dispersion with the GVD calculated at 
155ps/km/nm as shown in Fig. 2, α2 = 9.3 × 10−14m/W is the two-photon absorption 
coefficient and γ is nonlinear coefficient of 130W−1m−1 for the square Ge11 nanowires. R(t) = 
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(1-fR)σ(t) + fRhR(t) is the response function, including the Raman contribution hR(t) and fR = 
0.12 is the fractional Raman contribution. 
We compared the conversion to the idler determined from the measurement with the 
simulation and obtained a good fit as shown in Fig. 6. According to both the experiments and 
modeling the conversion for the TE mode was about 0.5dB lower than that for the TM mode. 
This difference is mainly due to the different propagation losses of the TM and TE modes. 
Figure 6 clearly shows modulation of the FWM conversion around the Raman peak 
confirming the predictions in [18, 23]. To our knowledge, this is first experimental 
observation confirming the influence of Re[h(ω)] on FWM in a chalcogenide waveguide. 
 
Fig. 6. Calculated (solid lines) and measured FWM conversion efficiency as a function of idler 
wavelength for TE (red) and TM (blue) modes. 
Another important nonlinear process that is sensitive to the sign and magnitude of the 
dispersion is super-continuum (SC) generation. This was achieved using a 12mm long P-I 
nanowire pumped with 1ps duration pulses for both TM and TE modes as show in Fig. 7 (a). 
The power required to generate SC was slightly different for TE and TM modes due to the 
different losses and was ≈31W for the TM mode and 33W for the TE mode. Although the 
power required for SC was different, the spectra for both TM and TE modes were very 
similar. SC is a very complicated process involving self phase modulation, cross phase 
modulation, FWM, soliton fission, Raman scattering, etc, but the similarity in the SC 
spectrum indicates that these square Ge11 nanowires had not only similar GVD but also 
similar higher order dispersions. We simulated the SC spectrum using the split-step Fourier 
method for both TM and TE polarization for different peak powers and the results are shown 
in Figs. 7(b) and 7(c) respectively. The simulation results fit the measured spectra extremely 
well and also predict the measured difference in threshold power for generating SC for the 
two polarizations. According to the simulations, the SC extended over almost one octave from 
1100nm to 2100nm. To our knowledge, this is the shortest glass waveguide ever to be used 
for broadband SC generation which indicates it should be possible to fabricate very compact 
P-I light sources on a photonic chip. 
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Fig. 7. 7(a) measured SC spectra for TE and TM modes. 7b, 7c, supercontinuum spectra for 
different pump powers calculated using the split-step Fourier method compared with the 
measured spectra. 
Conclusion 
We have shown that it is possible to fabricate highly nonlinear chalcogenide glass nanowires 
that offer polarization independent operation for nonlinear process such as FWM and super-
continuum generation. The small residual PDL is likely to be due to roughness of the etched 
vertical sidewalls that has a bigger effect on the TE mode. It is possible that the PDL could be 
reduced by evaporating a thin Ge11 overcoat after etching as this has been previously shown to 
reduce sidewall losses by smoothing high spatial frequency roughness [24, 25]. From our 
experimental results we achieved a structure with very small polarization dependent 
dispersion and this should open up the possibilities of achieving FWM with a randomly 
polarized input made possible with a pair of orthogonally-polarized pumps [26]. To our 
knowledge this represents the first report of polarization independent nonlinear processing in 
an optical nanowire. 
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